Concentrations of 3-chlorophenol and 4-chlorophenol below their minimal inhibitory concentrations were found to increase the permeability of Pseudomonas aeruginosa cells to protons. Levels of such activity were assessed in suspensions of cells prepared from chemostat-grown cultures, limited by either magnesium (Mg-lim) or glucose (G-lim), with the use of five growth rates. Drug concentratione required to produce the same levels of proton translocation varied with the growth rate and the nutrient limiting growth. Fast-growing cultures were more sensitive than slower-growing ones, and G-lim cells were generally more sensitive than Mg-lim ones. 3-Chlorophenol had greater activity than 4-chlorophenol at slow growth rates, but at faster rates of growth their activity was similar. Variation in these iso-effective concentrations for different cells probably reflected an alteration in the ease of drug penetration of the outer envelope. Uptake of the compounds by cells in suspension varied, drug-sensitive bacteria absorbing more than resistant ones. This variation in uptake persisted when bacteria were solvent-extracted to remove readily extractable lipids (REL). Since no significant alteration in cell size was observed among the growth conditions studied, variation in absorption probably resulted from an altered affinity of the cells to the drug, with little involvement of REL. Overall REL content did not alter significantly with growth rate or nutrient limitation. However, total phospholipid content decreased and fatty acid content increased with increasing growth rate. For G-lim and Mg-lim cultures phosphatidylcholine content remained constant, yet phosphatidylethanolamine and phosphatidylglycerol content decreased with increasing growth rate. Diphosphatidylglycerol content decreased with increasing growth rate for Mg-lim cultures and remained relatively constant for G-lim cultures. Lipopolysaccharide content of the cells was higher in Mg-lim than in G-lim cultures and decreased with increasing growth rate in both cases. Lipopolysaccharide content correlated significantly with drug uptake and sensitivity, and it appeared to determine the degree of penetration of the cell envelope by these chlorinated phenols.
The nature of a growth-limiting nutrient and the specific growth rate of bacteria significantly influence their composition, especially that of the cell envelope (9, 10, 15, 21, 26, 31) . Such changes in envelope composition have often been associated with drug resistance by mechanisms of exclusion (4, 6, 7, 10-12, 16, 22) . With gram-negative organisms such changes involve the outer membrane and might affect their in vivo sensitivity to drugs (5) .
We have investigated the effect of nutrient limitation and specific growth rate on the sensitivity of Pseudomonas aeruginosa to some substituted phenols. These agents uncouple oxidative phosphorylation from respiration (33) by increasing the permeability of the cytoplasmic membrane to protons (14, 28) . The uncoupling activity, measured by change in proton permeability, is related to the concentration of drug at the cytoplasmic membrane. Variation in sensitivity therefore reflects exclusion of drug from its site of action by the outer envelope. This paper describes an interrelationship of environmentally induced cell envelope changes, drug uptake, and the degree of penetration of drug to a specific site of action.
MATERIALS AND METHODS
Organisms and chemicals-P. aeruginosa NCTC 6750 was used throughout. Stock cultures were maintained on solid minimal media (11) at 4°C after incubation at 370C for 16 Drug uptake. Portions (11 ml) of various concentrations of substituted phenol and washed-cell suspension (5.0 x 1010 ml) in phosphate buffer (KH2PO4/Na2HPO4, pH 7.5, 0.1 M), were shaken at 35°C for 30 min. Preliminary experimentation established that no further appreciable changes in drug uptake occurred beyond that time. Cells were removed by rapid centrifugation (20,000 x g, 370C) for 4 min (total time), and the supernatant was divided into two portions. One portion was extracted twice with 20 ml of chloroform to remove the phenol and was heated to 950C to remove dissolved chloroform; the equilibrium drug content in the second portion was determined by measuring the differences in absorbance at 275 nm between the two portions. This procedure corrected for absorbance due to any cytoplasmic materials which had leaked from the cells. Concentrations were also corrected for the influence of bacterial cell volume.
The effect of lipid extraction on drug uptake by cell suspensions was assessed. Cells were harvested by centrifugation (15,000 x g, 15 min, 3700), resuspended in chloroform-methanol (2:1) at 350C for 5 min, removed by centrifugation, and finally resuspended in S0renson's buffer (pH 7.5, 0.1 M). Drug uptake by these cells was then assessed (as above).
Cell size. Cell suspensions were examined under phase-contrast microscopy. Photomicrographs were prepared, and cell dimensions were measured and compared with a calibrated slide. Mean cell length and breadth were calculated for each growth rate and nutrient limitation as the average for 50 individual cells.
RESULTS
Drug sensitivity. The sensitivity to 3-chlorophenol and 4-chlorophenol of P. aeruginosa cell suspensions limited by either glucose or magnesium availability and grown at dilution rates of 0.05, 0.125, 0.200, 0.275, and 0.35 h-I was tested as described above. For each cell suspension results were plotted as rate of change in extracellular pH against drug concentration. Results for one compound, 3-chlorophenol, and Glim cultures are illustrated in Fig. 1 and are typical of those found with 4-chlorophenol and also with Mg-Jim cultures. In all instances drug sensitivity, indicated by the slopes of these Jines, increased with increasing growth rate of the cultures. Interception with the base line for the more resistant cultures suggested that some critical concentration of drug was required for penetration to the cytoplasmic membrane.
Iso-effective concentrations of the compounds against G-Jim and Mg-lim cultures at the five dilution rates were calculated as illustrated in Fig. 1 . These values were plotted with growth VOL. 133, 1978 on July 4, 2017 by guest http://jb.asm.org/ rate for the two drug analogs and nutrient limitations (Fig. 2) . G-lim cultures were always more sensitive to the drugs than Mg-lim ones. Fastgrowing cultures were more sensitive than slower-growing ones. 3-Chlorophenol had greater activity than 4-chlorophenol against cells grown at slow dilution rates (D= 0.20 to 0.05 h-1), whereas at faster growth rates (D = 0.20 to 0.35 h-') their activities were similar. Cell size. Cell sizes were found not to differ significantly either for the two nutrient limitations or for cells at these specific growth rates (length, 0.94 ± 0.13 ,um; breadth, 0.21 ± 0.02 ,um).
Drug uptake. Uptake of 3-chlorophenol and 4-chlorophenol by P. aeruginosa increased with increasing growth rate. Figure 3a illustrates the results obtained for 3-chlorophenol and G-lim cultures. From these graphs the concentrations of drug necessary to cause overall levels of uptake by the cells of 1 mg of drug per 1010 cells were calculated. These figures reflect the relative affinity of the cells to the compounds and correlated significantly with iso-effective drug concentrations (Fig. 4) . When the drug uptake by cell suspensions extracted of REL was assessed, overall uptakes were found to be marginally higher than previously observed; however, the variation with growth rate persisted (Fig.  3b) . This suggested the REL has only a small role in determining the degree of penetration and uptake of these phenols by the cell envelope.
Gross cellular composition. REL and PHB content were found to be similar in all cases (12.42 ± 0.76 and 1.47 ± 0.13% of dry weight, respectively). Phospholipid content, however, decreased with increasing growth rate, whereas fatty and neutral lipid content increased (Fig. 5) irrespective of the nature of the limiting nutrient. (P. aeruginosa is not normally recognized as producing PHB. Our observations confirm those of Brown and Watkins [8] , who observed PHB in P. aeruginosa cells grown in minimal salts media but not those grown in nutrient broth. This has since been confirmed by electron microscopy [unpublished data].) The relative amounts of the individual component phospholipids in the REL were found to vary with growth rate and nutrient limitation (Fig. 6 ). Phosphatidylcholine content remained constant under all conditions studied, whereas phosphatidylethanolamine and phosphatidylglycerol contents invariably decreased with increasing growth rate. For Mg-lim cultures diphosphatidylglycerol (DPG) levels declined with increasing growth rate, yet remained relatively constant for G-lim cultures.
KDO was used as a marker compound for lipopolysaccharide. KDO content varied continuously with the growth rate of the cultures, slower-growing cells containing more than faster-growing ones. G-lim cultures had lower levels of KDO than Mg-lim ones, at all growth rates (Fig. 7) . Samples spiked with KDO standard indicated that the assay was equally sensitive in all the cell preparations; variation in KDO was therefore significant and not the result of quenching.
Variation in the isoeffective drug concentra-J. BACTERIOL. tions for different cell preparations correlated significantly with KDO content but not with phospholipid or fatty and neutral lipid (Fig. 8) within the cytoplasmic membrane (14, 28) . Our results (Fig. 1) , where the rate of drug-induced proton translocation was directly and linearly related to the applied drug concentration, suggest that these halogenated phenols uncouple oxidative phosphorylation from respiration in this manner. Interception of the base line for the more resistant cultures suggested that, for these cells, some critical amount of drug was required to allow penetration to the cytoplasmic membrane.
The level of uncoupling activity for a given drug, measured by proton translocation rate, will be related directly to the concentration of drug within the cytoplasmic membrane. This is true provided that the pH gradient established across the cell envelope and also the cell surface area are kept constant. Variation in iso-effective concentrations for these drugs in cell suspensions prepared at different dilution rates and limited by either glucose or magnesium availability (Fig.  2) therefore reflected alterations in the ease of drug penetration through the outer membrane to the cytoplasmic membrane and suggested that the structure or composition of the outer envelope had altered in response to its environment. Such alterations could affect drug penetration to the cytoplasmic membrane, either by the formation of sites within the outer membrane possessing high affinity for the drug, thereby reducing that available at the cytoplasmic membrane, or by making the outer membrane relatively impermeable to the drug, thus forming a penetration barrier. Such mechanisms of resistance have been widely implicated for a number of gram-negative organisms, particularly P. aeruginosa (4, 11, 23) , where alteration in the cell envelope affects its penetration by antimicrobial agents. There is also considerable evidence that the nature of depleting nutrients and growth rate can markedly affect cellular lipid composition (13, 27) , lipopolysaccharide content (10, 31) , and drug sensitivity (10) (11) (12) 31) .
Uptake of drugs by cell suspensions has often been correlated with their sensitivity to the agent (2, 17, 20) . Uptake of 3-chlorophenol and 4-chlorophenol by suspensions of P. aeruginosa with various levels of resistance, determined by the growth rate, was found in this study to increase with increasing drug sensitivity (Fig.  3a) . Concentrations of drug required to effect a constant level of cellular absorption were found to be directly related to their iso-effective concentrations (Fig. 4) . Resistance in this instance might therefore be due to a failure of the agent to penetrate the outer membrane of the cells, rather than high absorption shielding the site of action. The results also suggested that a constant proportion of the total drug absorbed by the cell was located within the cytoplasmic membrane.
The variation in uptake between cells of differing resistance was found to persist even when the cells had been extracted of REL prior to the absorption study (Fig. 3b) . This implied that the REL did not contribute significantly to penetration ofthe outer membrane by these compounds, a role analogous to that attributed to the phenol resistance of staphylococci (16) . The role of lipid in resistance has been reviewed (4 (31) . Variations in KDO content reported in this study correlated significantly with the variation in iso-effective drug concentrations (Fig. 8) 
